Abstract: This study proposes a cost-effective four-switch single-phase to three-phase converter with an improved space vector pulse width modulation method. This structure employs the quasi-Z-source (QZs) topology that can be utilised in induction motor drive applications. Compared with conventional four-switch structures, buck-boost operation is a unique property of this configuration. This four-switch QZs structure decreases the switching losses, load current total harmonic distortion and cost in comparison with traditional six-switch structures. Without using any extra filtering circuits, the applied modulation method can work well to reject the influence of DC-link voltage ripples on the converter voltage, which can be accomplished by either power supply or voltage variations in the four-switch structure. The closed-loop modulation strategy recognises via sensing any unbalanced voltage that occurs across two split capacitors, and by applying the changes in the vector's activation interval time, the three-phase output voltage can be balanced. The simulation and experimental results of the suggested converter with the improved modulation method have demonstrated the converter's performance and the potential of the structure to be further developed.
Introduction
For many years, three-phase motors have been considered as a better alternative to its single-phase counterpart in industrial applications particularly because of the superior performance of the former on the aspect of power factor, efficiency and torque ripple. For rural areas that commonly rely on single-phase supplies, in order to run machine tools and rolling mills as well as in low-power robotics industrial usage, high efficient converters are often needed to operate the respective three-phase motor drives. Cost-effectiveness and low losses are the most important properties of these AC converters [1, 2] .
In [3] [4] [5] [6] [7] [8] [9] , different structures of single-phase to three-phase (1Ph-to-3Ph) converters have been introduced with at least six switches. One alternative to reduce the losses in these converters is to reduce the number of power switches. Many component-minimised structures have been proposed such as that in [10] . Conventional four-switch 1Ph-to-3Ph converters include either buck or boost converters. The benefits of having buck-boost capabilities in the former may have been overlooked, and thus it is further explored and taken into account in the design of the proposed 1Ph-to-3Ph converter circuit configuration.
Some efforts have been made in improving the control strategies of induction motors' adjustable speed drives (ASDs) for higher efficiency such as those presented in [11] . For all the four-switch structures proposed in the aforementioned papers, the existence of a ripple-free and fixed DC supply is very important to achieve balanced three-phase output voltages. A DC supply with superior output quality is usually achieved at the expense of greater capacitors. These bulky and heavy capacitors lead to a slower response in the DC-filter system and also increase the cost. In addition, the use of diode rectifiers and unbalance in the input supply in providing the DC-link voltage also contribute to the generation of abnormal harmonics. These harmonics, in fact, adds to the sub-harmonics in the load [12] . Optimum and cost-effective operation of electrical power requires having balanced three-phase AC supply. In [12] , a unique modulation strategy is introduced to compensate the ripple of the DC-link voltage, but this has been implemented on a three-phase structure, which has three legs (six switches) without any extra filtering.
The recent years have seen an increasing attention from researchers on the use of the Z-source network because of its properties in different applications as mentioned in [13] [14] [15] [16] . Similar to the Z-source topology, the quasi-Z-source (QZs) topology is also known to have a superior LC circuit with more advantages, such as, reduced component number, reduced supply voltage stress and easier control algorithms for ASD, which need a higher domain for voltage gain, and lower component rating [17] .
A cost-effective four-switch 1Ph-to-3Ph converter structure, which utilises the QZs topology, is proposed to supply any three-phase load, which may include an induction motor drive. Compared with the conventional six-switch structures, the suggested converter is capable of reducing switching losses, cost of the drive part, modulation strategy complexity and interface structure count employed to generate the trigger pulse signals.
With the proposed structure, the applied modulation method can work well to reject the effect of the DC-link voltage ripple on the converter output voltage without the need for any extra filtering circuits. This can be accomplished by either power supply or voltage variations in the four-switch structure. The closed-loop modulation strategy has been designed to recognise and sense any unbalanced voltage that occurs across two split capacitors and by applying the changes in the vector's activation interval time, the three-phase output voltage can be balanced. Fig. 1 shows a conventional voltage-source four-switch (B4) inverter, as introduced in [10] . For this structure, both switches of the same phase leg can never be turned ON at the same time. This is because at the zero shoot-through state, a short circuit on the DC bus will occur thus destroying the supply voltage. In this structure, it is also important to highlight that the maximum value of the output voltage cannot exceed half of the input DC-bus voltage [10] .
2 Proposed structure Fig. 2 shows the proposed 1Ph-to-3Ph structure utilising the four-switch QZs topology, which is connected to an LC filter and a three-phase wye-connected resistive load. As mentioned earlier, the converter can also be used as the supply for three-phase induction motor loads and thus overcomes the drawbacks of employing conventional converter topologies in such application. The converter utilises a special LC topology of different kinds, which is located between the load and the supply. The QZs topology with six switches and its operating principle have been presented in [17] . On the other hand, for the suggested converter as shown in Fig. 2 , one phase leg of the load is connected to the midpoint of two split capacitors with
This structure utilises the zero shoot-through interval times to boost or buck the DC-bus voltage and provide the desirable output voltage across the load by turning ON the lower and upper switches used in the one phase leg simultaneously. Assuming the QZs network is a symmetrical circuit, it can be written for the network's parameters that L 1 = L 2 and C eq = C 2 , where C eq is the equivalent capacitance of two split series capacitors. The equivalent circuit of the proposed structure in a two-operation mode (zero shoot-through state and non-zero shoot-through or active state) is as depicted in Fig. 3 for a wye-connected load. In the zero shoot-through state, the converter is in the boost state. The network's capacitors charge the inductors over two separate LC loops. In this interval, the output voltage across the load is equal to zero. The equivalent impedance of the load per phase in this mode is marked as 'Z eq '. The equivalent circuit of the converter during an active state is as depicted in Fig. 3b .
From Fig. 2 and the main equations in [17] , the required equations can be expressed as follows
where S D , is a symbol representing the state of the structure. It should be equal to 1 if the structure is in the non-shoot-through state and 0 when in the zero shoot-through state. D is defined as the zero shoot-through duty cycle. If the shoot-through time interval is T 0 while www.ietdl.org the switching period is T S , D can be expressed as
For the proposed structure, by combining (2) and (3), it can be written that
where
3 Improved space vector pulse width modulation method
To take into account the effects of voltage ripple or voltage variation in the inverter output voltage, it is now assumed that the voltages across the capacitors are different that is
The voltage vectors are introduced as the line-to-neutral instantaneous load voltages u an , u bn , u cn , which can be obtained from the voltages u a0 , u b0 , u c0 and u n0 as follows
In the analysis, switches S 1 , S 2 , S 3 and S 4 can be considered as insulated gate bipolar transistors (IGBTs). When the switch is closed, it is represented by '1' whereas '0' indicates an open state for the switch. With this assumption and based on Fig. 2 , the phase-to-ground voltages can be written as follows
By combining (5), (10) and (11), the line-to-neutral voltages can be determined in terms of the capacitor voltages and coefficient 'K'. The proposed structure in Fig. 2 has four non-shoot-through voltage vectors, V 1 , V 2 , V 3 , V 4 , and one zero shoot-through voltage vector, V 5 . These voltage vectors are calculated according to the switching states. According to Clark's transformation, the components αβ of the aforementioned voltage vectors can be obtained as follows [10] 
The five voltage vectors, which contribute to the formation of the required average space vector on the plane αβ, are calculated as follows 
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The (4) and (6) have illustrated that the voltage vectors are also dependent on T 0, which is the zero shoot-through time. For the ideal case with the two split capacitors having the same voltages and for T 0 = 0.3T S and K = 0.7, the location of the voltage vectors in the αβ coordinates are as shown in Fig. 4 . To provide a symmetrical switching pattern, the required average value of the space vectors and calculations of the switching states are obtained for (1/2)T S as follows
In general, t i is half of the turning ON time for the ith switch over one switching cycle. In (15), the ' V S ' parameter is the required average value of the space vectors.
To obtain a set of identical three-phase voltages across the load, and for calculating the switching times, the following equations must be met.
where 'M' is the so-called coefficient for amplitude tuning and it can be adjusted by the maximum magnitude of the space vector.
Referring to the five vectors mentioned earlier and in order to have a one change status in a switching cycle for all switches, calculation of the switching times is made for the two zones as follows † Zone one: 0 ≤ θ ≤ 180
In this interval, to calculate the value of the required average space vector only four vectors in the equations are considered; all vectors except V 2 .
In this interval, to calculate the value of the required average space vector only four vectors in the equations are considered; all vectors except V 1 .
The arrangement of the pulse signals applied to the gate of the IGBT switches for both zones are depicted in Fig. 5 . The switching frequency is fixed to 8 kHz.
Simulation results
For the purpose of highlighting the advantage of the proposed converter structure with the applied improved space vector pulse width modulation (SVPWM) method, the former is connected to a three-phase wye-connected resistive load and an LC filter as shown in Fig. 2 . Table 2 shows the circuit 
Analysis on the common modulation method
In conventional converters as highlighted in a previous work [18] , the voltage across the two split capacitors is considered to be the same. In this condition, the amplitude of the three-phase output voltages as well as the passing currents may not be identical, respectively. To verify this concept for the proposed structure, the voltage across the two split capacitors is set to be equal (U C11 = U C12 = U C /2). The space vectors are then obtained as follows
By applying these vectors to the modulation method, the currents flowing through the load are derived as shown in Fig. 6 for a non-zero shoot-through state (D = 0.0).
In the common modulation method as observed in (20), in comparison with (14) the DC-link voltage between the two split capacitors is not considered, thus assumed to be equally divided. Therefore the operational time of the switches is determined without taking into account the difference in the voltage. In other words, the modulation method, which has been presented in [18] does not consider the effects of the variations in the capacitors' voltages which may have occurred either because of the input voltage ripples or the passing current through the phase leg 'a' via the midpoint connection of the capacitors. Consequently, the currents through the load are not perfectly identical as shown in Fig. 6 , thus contributing to higher harmonics.
Analysis on the improved modulation method
In the improved modulation method as observed in (14) , the voltages of the two split capacitors are measured in real time and their difference is used to determine the operational time of the switches. In this case, the modulation method takes into account the effects of the variations in the capacitors' voltage, which is highly probable. Consequently, as shown in Figs. 7-9 from the simulation results and Fig. 6 Waveforms of the simulated currents flowing through the three-phase load using the common modulation method for D = 0.0 verified by Figs. 10 and 11 from the experimental results, the load currents are balanced and less harmonics is reported. Fig. 7 shows the simulated three-phase currents through the load when the converter operates without any shoot-through state (D = 0.0). The maximum values of these currents are equal to 2.4 A. The load currents are perfectly identical and symmetrical, although the voltages across the two split capacitors are not the same as shown in Fig. 8 . The voltage variations on these capacitors may have occurred either because of the input voltage ripples or the passing current through the phase leg 'a' via the midpoint connection of the capacitors. As shown in Fig. 8 , the capacitors' voltages also have ripples at the input voltage frequency of 50 Hz. The difference between the average values of the two split capacitors' voltage is about 8 V, which can be sensed and applied in the timing equations by the modulation system. In comparison with the conventional converter structures [11] , the suggested converter with the improved SVPWM method has a smaller load current percent total harmonic distortion (THD) of 1.82% as obtained from the simulation results.
Furthermore, this modulation method can also work well for the proposed structure in the occurrence of input voltage sagging. When the structure operates in the zero shoot-through state, it is assumed that the input voltage waveform remains constant. Therefore the magnitude of the output voltages and currents will be increased based on the rate of the zero shoot-through time related to (2) . Fig. 9 illustrates the three-phase current through the load while the structure benefits from the zero shoot-through term (D = 0.1). The maximum values of these currents are equal to 3 A. The load currents are also perfectly symmetrical in this state, although the voltages across the two split capacitors are not the same. In this state, the load current percent THD is equal to 2.19.
Experimental results
For the purpose of verifying the simulation results of the proposed converter, its hardware prototype has been developed with the same circuit parameters as those used in the former as depicted in Table 2 . The improved modulation method for the converter is implemented using an eZdsp TMS320F2812, which is a fixed-point digital signal processor. Fig. 10 shows the currents flowing through the three-phase resistive load in normal mode and for D = 0.0 that have been obtained from the experimental set-up. In this case, it can be observed that the three-phase load currents are symmetrical and balanced in magnitude, which verifies the simulation results as shown in Fig. 7 . Fig. 10 also depicts the harmonic spectra of the current i a which is marked by 'M'. The amplitude of the fundamental for i a is not shown in full as in this case, only the amplitudes of the harmonic components are of concerned, which are insignificant based on the 10 mA/div. scale. Using a power analyser, the percent THD of i a is measured as 2.2 in comparison with the 1.82 obtained from the simulation results indicated earlier. Fig. 11 shows the currents flowing through the three-phase resistive load in step-up mode and for D = 0.1. As shown in this figure, the magnitude of the load currents are amplified because of the ratio of the duty cycle, thus confirming the simulation results presented in Fig. 9 . In this case, despite using a conventional LC output filter for the converter, a measured percent THD of 2.8 can still be achieved for i a in contrast to 2.19 of the simulation results. 
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The experimental results as shown in Figs. 10 and 11 have indicated good consistency with those of the simulation results in Figs. 7 and 9 , respectively. This indicates the practicality of the proposed converter and its ability to perform well as required for instance in distribution systems applications.
In comparing the simulation and experimental results obtained on the operation of the proposed converter structure with other similar structures, such as inverters and converters derived from four-switch or six-switch pack, the following points can be noted.
The load current percent THD of the proposed structure is found to be lower than those of other similar structures as presented in [2, 7, 10-12, 18, 19] . In most four-switch structures such as those proposed in [2, 7, 10, 11, 16] , bulky capacitors are used in the DC-link side whereas in the proposed structure, the DC-bus capacitors are smaller. In addition, for four-switch structures that are without extra boost-up circuits as described in [10, 11] the peaks of the output line-to-line voltages are limited to half of the DC-bus voltage, thus limiting the output currents. On the other hand, in the proposed structure, because of the duty cycle ratio the output voltages and currents can be boosted. In addition, as presented in the experimental results, the load current waveforms of the proposed structure are balanced in amplitude whereas in some structures, such as those proposed in [7, 11, 18, 19] , unbalanced has been reported.
Conclusion
This paper has presented a QZs structure with only four switches used in a cost-effective, more reliable and more efficient 1Ph-to-3Ph converter. It can also be employed in ASDs for three-phase induction motors as any required output voltages can be provided. The suggested structure is also capable of compensating input voltage sag without any extra circuit because of its ability to control the voltage gain by changing the duty cycle to holding ride-through during the occurrence of the former. The simulation and experimental results have proven that the improved SVPWM method for the proposed four-switch QZs converter structure without any extra filtering circuit is a more efficient algorithm. The variations in the capacitors' voltage may have occurred either because of the input voltage ripples or the passing current through the phase leg 'a' via the midpoint connection of the capacitors. The proposed improved modulation method, however, is capable of recognising the unbalance in voltages across the two capacitors via sensing and by applying suitable changes in the vector's activation interval time, produces balanced output currents and voltages for the three-phase loads. In addition, the load current percent THD of the proposed structure with the applied modulation method is also less in comparison with that of the conventional circuits.
